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I. INTRODUCTION

Current evidence suggests that breast carcinoma cells invade local tissues and metastasize by i)
altering their cell-cell and cell-matrix interactions, ii) displaying an aberrant motile phenotype,
and iii) either synthesizing, or inducing the synthesis of, proteolytic enzymes that degrade the
structural barriers established by the extracellular matrix1". The complex changes in the gene
program of neoplastic cells that regulate the expression of this phenotype are largely undefined,
but increased interest has focused on identifying those genes that are specifically overexpressed
in human breast cancer(,g. 3-10). Such information not only provides new insights into the cellular
factors that control tissue-invasive behavior, but may also lead to improvements in patient
diagnosis and to the more rational design of therapeutic interventions"•0 . Consistent with this
rationale, direct comparisons of the gene expression profile displayed in normal versus
neoplastic breast cancer cell lines, or normal and carcinomatous breast tissues, have provided a
number of novel insights into the mechanisms and processes underlying tumor progression 6".
Interestingly, despite the power of the analytical techniques employed for these purposes, the
number of differentially expressed genes identified thus far are - at first glance - perplexingly
small, despite the striking changes known to occur in cellular behavio<g- 7*8). However, analyses
of breast cancer cell lines grown in vitro or static tumor masses recovered from in vivo sites of
disease may be problematic. First, comparisons between normal and neoplastic breast cancer
cell lines grown atop plastic substrata in vitro will not recapitulate the complex interactions
known to occur across the carcinoma-mesenchymal cell axis in vivo"'2. Indeed, many of the most
interesting gene products that have been associated with the expression of tissue-invasive
phenotypes in breast cancer tissue are synthesized by surrounding stromal cells rather than the
tumor itself",3"0 . Secondly, while the gene expression patterns identified in tissues recovered
from in vivo sites clearly circumvent the limitations inherent in the in vitro studies, only a small
percentage of the cells recovered from a tumor mass at a single, fixed time point would be
expected to be actively engaged in invasive behavior. Given the many similarities between
developmental/tissue repair processes and malignant growth (re; the ability of cancer cells
inappropriately recapitulate developmental programs associated with epithelial-mesenchymal
cell transitions or repair programs associated with wound healing1 21 3), we have considered the
possibility that the in situ induction of a synchronous matrix remodeling program in normal
tissues would allow for the more efficient isolation of those gene products critical to cancer cell
invasion. Indeed, recent studies have demonstrated that gene expression patterns associated with
the tissue remodeling program induced during the involution of the normal lactating mammary
gland bear considerable overlap with those detected in the early stages of carcinogenesis (e.g.,
stromeylsin-1, stromeylsin-3, urokinase-type plasminogen activator, tissue inhibitor of
metalloproteinases14

-
6 ). Hence, we propose to use the involuting mammary gland explant model

as a means to rapidly enrich for, and identify, the subset of genes that control the disassembly of
the extracellular matrix in cancerous states. Furthermore, by selectively identifying the subset of
gene products that encode secreted proteins in breast cancer tissue, new diagnostics as well as
novel targets for therapeutic intervention can be rapidly identified.

II. BODY

Given the overall aim of identifying tissue-destructive genes up-regulated during tissue
involution and problems encountered with the generation of subtraction libraries from our in
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vitro model, we began using mammary glands isolated from lactating versus involuting tissues in
vivo. Coincident with the use of this material, it became clear that differentially expressed genes
could be more rapidly and accurately identified via the use of oligonucleotide arrays as opposed
to subtraction libraries'7. Consequently, in three experiments, RNA was isolated from glands
with a Qiagen RNassy mini-kit and cRNA prepared for hybridization as described1 7"8 .
Oligonucleotide arrays (Gene Chip, Affymetrix) representing a total of 30,000 EST cluster
sequences and/or full-length genes were used for hybridization according to the manufacturer's
instructions. Arrays were then scanned using an Affymetrix confocal scanner and analyzed
using Gene Chip 3.0 Software (Affymetrix). Expression data from the Affymetrix arrays were
analyzed using a statistically based analysis methodology that estimates expression levels and
provides confidence intervals for these estimates. It also allows for the normalization of array-
based expression data to control for variations due to non-biological factors such as array-to-
array variability, and variations in sample quality. For each gene, the presence or absence of a
transcript was determined by testing the Null hypothesis. Briefly, the arrays included a set of
probes derived from non-eukaryotic ("foreign") organisms (e.g., bacterial and bacteriophage
sequences) which were defined as the "null set". This null set thus defines the intensity of
nonspecific background/cross-hybridization. This null intensity distribution is modeled by a
parametric statistical distribution. Since intensity is a positive random variable, this null
distribution is modeled by either a Gamma or a Weibull class distribution. Once the parametric
null distribution is determined, we computed the p-value for the hypothesis that the observed
hybridization intensity values are also a random sample from the null distribution. Target genes
with low p-values (i.e., not likely to have come from the same distribution as the null genes) are
classified as present. The p-value provides a continuous measure of the confidence in the
presence of a gene in the target sample. We also include a mathematical method to standardize
the gene-expression levels between different samples, based on exogenous gene spikes, added at
known concentrations, that constitute a calibration set'8. Genes scored as "positive" (i.e.,
induced) in involuting tissues were i) more highly expressed in each of 3 independently
performed experiments and ii) expressed at levels _Ž2.5 than those detected in lactating glands in
at least 2 of the 3 experiments.

Following data analysis of the more than 250 genes whose regulation were affected by the
involution program (see representative examples in Appendix), message levels for three matrix-
destructive cathepsins known to encode secretory proteins were found to be up-regulated during
involution, the aspartyl proteinase cathepsin D, and the cysteinyl proteinases, cathepsin L and S
(Table I). (Human homologues for each of these have already been identified.)

Table I
Fold-Increase in Gene Expression

EXP #1 EXP #2 EXP #3
cathepsin D 4.7 3.9 2.3
cathepsin L 4.1 2.9 1.8
cathepsin S 7.4 6.2 2.3
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While cathepsin D has been previously associated with human breast cancer and shown to
express matrix-destructive activity in vitro19 ,

2
1, roles for cathepsin L and S in regulating

extracellular matrix turnover in vivo are less clear. However, as we have recently identified
cathepsin L and S as powerful matrix-destructive enzymes in vitro T, we have received
approval for a no-cost extension of the project to analyze the role of these enzymes in the
resorption of breast tissues during involution in the corresponding knockout animals (animal use
approval pending). Both cathepsin L and S have been deleted, and the single- as well as double-
null animals are viable and fertile. Hence, mammary gland involution will be compared in wild-
type and knockout littermates as described by Northern blot/in situ hybridization, ApoTag and
transmission electron microscopy15 . (Comparable experiments cannot be performed with
cathepsin B knockout animals as the deleted-animals display a lethal phenotype.) Should matrix
remodeling events be altered in the gene-deleted animals, lactating and involuting will be
harvested and gene expression patterns detailed as described above.

In additional studies, we have also recently detected the matrix metalloproteinases (UMMPs),
stromelysin-1 and membrane type-1 MMP (MTl-MMP), in involuting gland tissues. While
stromelysin-1 has already been linked to matrix-destructive events in the normal and neoplastic
mammary gland22, the role of MT1-MMP in vivo is less clear (though MTl-MMP expression,
like of stromelysin-1, is up-regulated in breast cancer23). Though MT1-MM-vEP knockout mice die
soon after birth (thus precluding attempts to discern the role of the proteinase in mammary gland
involution its link to matrix-destructive events in breast cancer), we have recently demonstrated
that the function of the enzyme can be probed in cells engineered to stably overexpress the
proteinase24. During the tissue-destructive event associated with both involution and cancer,
the key extracellular matrix barrier that must be dissolved or perforated is the basement
membrane' 3 . Given the fact that MT1-MMP is expressed in involuting glands and that basement
membrane disruption initiates apoptosis15 , we sought to determine whether MT1-MMP can
directly degrade this structure. To this end, control or MT1-MMP-transfected epithelial cells
were grown atop preformed basement membranes generated in vitro (see Figure 1A-d;
Appendix). Interestingly, while control-transfected cells were unable to degrade the basement
membrane, the MT1-MM\4P transfectants focally degraded the basement membrane and initiated
invasive activity (Figs. 2A, B). These studies demonstrate that MT1-TMMP, a protease expressed
during mammary gland involution and in breast cancer, can degrade a key matrix barrier. These
studies will be completed during the no-cost extension to highlight i) the association of
involution-associated gene products with similar matrix-degradative programs in cancer cells
and ii) the ability of these gene products to directly participate in invasive/matrix-remodeling
states.

III. KEY RESEARCH ACCOMPLISHMENTS

"• Murine proteinase gene products differentially expressed during tissue involution
identified.

"* Role for membrane type-1 matrix metalloproteinase in basement membrane
degradation identified.
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IV. REPORTABLE OUTCOMES

Proposal to study role of membrane-type matrix metalloproteinases in breast cancer development
submitted to The Susan B. Komen Breast Cancer Foundation.

V. CONCLUSIONS

With the identification of suitable mammary gland tissues for isolating gene products
differentially expressed during matrix-remodeling events, the model system has been used to
identify the subset of genes that likely control the disassembly of the matrix during tumor
invasion and metastasis. Furthermore, by selectively identifying those gene products that encode
secreted proteins in breast cancer tissue, new diagnostics as well as novel targets for therapeutic
intervention may be identified.
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VII. APPENDIX

Table II - Partial list of differentially expressed gene products in involuting (INV) versus
lactating (LAC). Results are expressed as mean fluorescent intensity of the signals generated in
3 separate, paired experiments (experiments A, C, D for involuting glands and J, K, N for
lactating glands).

Figure 1 - Basement membranes synthesized by MDCK epithelial cells are deposited atop a 3-
dimensional type I collagen gel during a 3 wk culture period. In panel A, TEM analysis shows
an epithelial cell depositing a -50 nm thick basement membrane which is more readily observed
after the overlying cell layer has been lysed (panel B). Panels C and D are scanning electron
micrographs showing the type I collagen gel upon which is deposited an intact basement
membrane, respectively.

Figure 2 - A control transfected epithelial cell line is seeded atop a preformed basement
membrane which remains intact during a 10 d culture period as visualized by transmission
electron microscopy (panel A). In contrast, MT1-MMP-transfected cells perforate the basement
membrane (panel B) and begin to invade into the underlying type I collagen gel (panel B).
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